The signal-recognition particle (SRP) is a ubiquitous protein-RNA complex that targets proteins to cellular membranes for insertion or secretion. A key player in SRP-mediated protein targeting is the evolutionarily conserved core consisting of the SRP RNA and the multidomain protein SRP54. Communication between the SRP54 domains is critical for SRP function, where signal sequence binding at the M domain directs receptor binding at the GTPase domain (NG domain). These SRP activities are linked to domain rearrangements, for which the role of SRP RNA is not clear. In free SRP, a direct interaction of the GTPase domain with SRP RNA has been proposed but has never been structurally verified. In this study, we present the crystal structure at 2.5-Å resolution of the SRP54 -SRP19 -SRP RNA complex of Methanococcus jannaschii SRP. The structure reveals an RNA-bound conformation of the SRP54 GTPase domain, in which the domain is spatially well separated from the signal peptide binding site. The association of both the N and G domains with SRP RNA in free SRP provides further structural evidence for the pivotal role of SRP RNA in the regulation of the SRP54 activity.
T he signal-recognition particle (SRP) targets proteins destined for membrane insertion and secretion to or across the plasma membrane in bacteria and the endoplasmic reticulum in eukaryotes. SRP binds to the ribosome as well as to the hydrophobic signal sequences of nascent polypeptide chains as they emerge from the ribosome. The ribosome-nascent chain-SRP complex is then targeted to the membrane by an interaction between SRP and its receptor (SR in eukaryotes and FtsY in bacteria). In the presence of the translocon, the signal peptide is released into the translocon channel. SRP then dissociates from SR and the ribosome-nascent chain and is ready for another cycle of cotranslational protein targeting. The targeting cycle is coordinated by GTP binding and hydrolysis by both SRP and SR (for reviews, see refs. [1] [2] [3] .
SRP composition varies across the three domains of life. Mammalian SRP consists of a single Ϸ300-nt RNA (SRP RNA or 7S RNA) and six proteins, which can be divided into two major functional domains: the Alu domain (comprising the proteins SRP9 and -14) and the S domain (SRP19, -54, -68, and -72). The S domain functions in signal sequence recognition and SR interaction, whereas the Alu domain is required for translational arrest on signal sequence recognition (4) . Archaeal SRPs consist of a 7S RNA that is highly similar to mammalian 7S RNAs, but only two homologues of the mammalian SRP proteins, namely SRP19 and SRP54 (5) . A minimal set of SRP components is found in bacteria, which consist of shorter RNAs (4.5S RNA) and only Ffh, the protein homologous to SRP54 (6, 7) . SRP54, the only protein component present in all SRPs, comprises an N-terminal domain (N, a four-helix bundle), a central GTPase domain [G, a ras-like GTPase fold, with an additional unique ␣-␤-␣ insertion box domain (IBD)], and a methionine-rich C-terminal domain (M, an all-␣ structure) (8, 9) . The N and G domains are structurally and functionally coupled; together, they build the NG domain that is connected to the M domain through a flexible linker (10) . The M domain anchors SRP54 to SRP RNA and carries out the principal function of signal sequence recognition (11) (12) (13) . The NG domain interacts with the SR in a GTP-dependent manner (14, 15) .
Biochemical studies (16) (17) (18) (19) and the x-ray structures of free SRP54 (10, 20) , SRP54 in complex with helix 8 (20) , the Ffh NG domain/FtsY NG domain complex (14, 15) , and the cryo-EM structures of ribosome-bound SRP (21) (22) (23) show major structural flexibility within SRP54. It is suggested that the conformational changes in SRP54 are fundamental to the coordinated binding and release of the ribosome, the signal peptide, the SRP receptor, and the translocon. Further evidence for this comes from the structures of the free Sulfolobus solfataricus SRP54-helix 8 complex (20) and the mammalian SRP bound to signal peptide and ribosome (21) (22) (23) . These show different relative orientations of the NG domain at two different stages in the SRP cycle. In both the mammalian and S. solfataricus structures, SRP54 assumes a so-called ''open'' conformation, in which the NG domain and the RNA are separated by at least 20 Å. Biochemical data, however, indicate that, in free SRP, the NG domain can directly interact with SRP RNA (17, 18, (24) (25) (26) . To further address this discrepancy and to better delineate the structural basis of the first step in the SRP cycle, we have determined the crystal structure of the free S domain of SRP of the Archaeon Methanococcus jannaschii at 2.5-Å resolution. The structure presented in this paper reveals a direct interaction between the SRP54 NG domain and SRP RNA and highlights aspects of the initiation of the signal peptide recognition event and its control.
hydrogen-bonding network identical to the one described for the 7S.S RNA-SRP19 complex structure in ref. 27 . The helix-turnhelix motif in the SRP54 M domain (Gly-324-Leu-427) binds to the widened minor groove of mismatches in the symmetric loop and the invariant A195 in the asymmetric loop of helix 8. The intermolecular contacts between the M. jannaschii M domain and these RNA loops are remarkably conserved to those in the Escherichia coli M domain-SRP RNA (28) and the human M domain-SRP19-SRP RNA (29) complexes. Notably, in the M. jannaschii complex, the M domain and SRP19 are in direct contact by hydrogen-bonding and stacking interactions. These are located between Arg-401 in the M domain and residues His-57-Trp-58 situated in the helix-8 binding loop L3 of SRP19 and explain the detrimental effect of a His57Ala/Trp58Ala double mutant on SRP54 assembly (30) .
Whereas the orientation of the 7S.S RNA, SRP19, and the M domain is almost identical in the two S domains of the asymmetric unit, the orientation of their respective NG domains (Met-1-Asp-298) differs significantly. In S domain A, the NG domain and the RNA are closely associated, and direct protein-RNA contacts are formed between both the N and G domains with the RNA: the N domain interacts with the distal helix 8 and the G domain interacts with the proximal helices 8 and 6 and the adjoining helix 5. The G domain's helix 5 interface in S domain A extends beyond its own helix 5, into the helix 5 in S domain B (helix 5Ј). As a consequence, the NG domain of B cannot occupy the same position as in S domain A because of steric clashes between the two G domains. In B, the NG domain is tilted and rotated around helix 8 into an open conformation showing no contact between it and the RNA (Fig. 1 ). This NG domain movement is linked to conformational changes localized to residues Leu-293-Gly-324 that connect the G and M domains. The NG domain of A is well ordered in the crystal. By comparison, the electron density for the NG domain of B is weaker, and its position is consequently less well defined. It has been shown previously that the asymmetric loop in helix 8 is flexible and undergoes critical structural changes on binding of the SRP54 M domain (20, 28, 29) . In free M. jannaschii 7S.S RNA, the three unpaired bases 195-ACC in the asymmetric loop are pointing toward the interior of the RNA helix (30) . Binding Values in parentheses are for the highest-resolution shell. *The R factor for the highest-resolution shell is high; however, the redundancy of 5.0 allows useful data to be obtained in this shell. of SRP19 to the tips of helices 6 and 8 causes a backbone inversion in the 195-ACC bulge so that its bases become splayed out on the surface of the RNA helix (27) . The structure of the ternary complex presented here reveals that, on interaction with SRP54, these bases become stably stacked forming a structure similar to the ''RNA platform'' observed in bacterial and human SRP (28, 29) . Importantly, the formation of the RNA platform involves an upward movement of the bulged backbone. This movement brings the asymmetric and symmetric loops into close proximity, forming the conserved contact between 2Ј-OH of A195 and the phosphate oxygen of A219. Thus, SRP54 M domain binding causes a shortening of helix 8 and a reorientation of its proximal part, consequently displacing the nucleotides at the SRP54 G domain binding site by up to 7 Å ( Fig. 2A) . A similar structural change has been observed in human SRP RNA upon M domain binding (29) . The asymmetric loop and helix 6 are in direct contact via A-minor-type interactions formed between the G-C and reversed A-U base pairs flanking the 195-ACC bulge and the looped-out adenosines, A176 and A177. These tertiary contacts play an important role in communicating conformational changes from the SRP19 binding site to the asymmetric loop (27, 30) . Similarly, they convey the M domaininduced conformational changes from the asymmetric loop to helix 6. With the distal parts of helices 6 and 8 now held in place by SRP19, the altered positions of A176 and A177 enforce changes in the proximal part of helix 6 containing the U-turn loop. Newly formed RNA-RNA interactions near the three-way junction are shown in Fig. 2B . Elevated temperature factors of the nucleotides in helices 6 and 8 and helix 5 in the SRP19-RNA complex indicate intrinsic flexibility likely to be required for SRP54 recognition (30) . As expected, in the ternary complex, these nucleotides are highly ordered with low-temperature factures and well defined electron densities [supporting information (SI) Fig. 6 ].
RNA Binding Involves Residues from Both the N and G Domains of

SRP54.
The NG domain in S domain A associates lengthwise with the 7S RNA, burying 2,200 Å 2 of solvent-accessible surface area (Fig. 3A) . This makes the NG domain-RNA interface considerably larger than the 1,350-Å 2 M domain-RNA interface. However, M domain recognition is mediated by the formation of an intricate intermolecular interface, including seven basespecific interactions. In contrast, the NG domain makes relatively few direct contacts and those that are formed are exclusively with the sugar-phosphate backbone. The RNA-binding surface of the NG domain does not overlap with the SR-binding Newly formed hydrogen bonds (dotted lines) in the ternary complex include a hydrogen bond from the N3 group of U184 to the phosphate moiety of C187 internally stabilizing the U-turn. U185 becomes part of a base triple with the G145-C233 base pair situated immediately below the three-way junction. Furthermore, the riboses of U185 and A186 are turned toward the minor groove of helix 5 and form tertiary interactions with the 2Ј-OH atoms of C233 and G146. Nucleotide A232, which is looped out in the absence of SRP54, becomes stably stacked into the RNA helix to form a heteropurine G-A base pair with G146 in the junction. The superposition is based on phosphate atoms of nucleotides G230 -C236. surface (14, 15) and involves predominantly the loops in the G domain that are unique to the SRP-type GTPases (SI Fig. 7 ). These loops pack with a good shape complementarity against the proximal parts of helices 6 and 8, and helices 5 and 5Ј. The G domain loops in contact with helix 5Ј include the loop forming the extended linker connecting the N and G domains (Leu-86-Gln-100) and the loop connecting ␣-helix ␣G3 in the IBD domain to ␤-strand ␤G4 (Phe-179-Asp-183). Here, the side chain of Lys-99 forms a hydrogen bond to the phosphate oxygen of C233Ј, and the tandem lysine residues Lys-180 and Lys-181 interact with the phosphate oxygen of A232Ј and the 2Ј-OH group of C188Ј situated across the minor groove. The loop connecting the secondary structural elements, ␣G1 and ␤G2, is tightly inserted into the helix 5 minor groove (Fig. 3B) . The C-terminal helix of the G domain is situated in the NG-RNA interface and directs the side chains of Lys-288 and Arg-292 toward helices 8 and 6 (SI Fig. 8 ). Positively charged residues in the ␣G1-␤G2 loop and the C-terminal helix are conserved in SRP54, but not in the non-RNA-binding SR homologues (5) .
Direct contacts between the four-helix bundle N domain and 7S RNA are made at the tip of the N domain. Here, side chains of residues in ␣N1 and ␣N4, situated next to the two apical loops (Ala-18-Lys-24 and Lys-63-Ser-69), are in close proximity to the RNA backbone of the distal helix 8. Arg-17 forms a hydrogen bond to the 2Ј-OH group of G213 in the tetraloop-closing G-C pair, and Lys-71 and Glu-72 form hydrogen bonds with the backbone of nucleotides G204 and A203 in the symmetric loop.
The Linker Between the NG and M Domains Is Dynamic. The SRP54 structures in S domain A and B start to deviate from each other at residue Leu-293 situated in the conserved 292-RLLGMGD sequence motif at the C terminus of the G domain. This motif has previously been identified to form a hinge region in SRP54 (20) . In S domain A, the motif forms a sharp ␣␤-turn, which is packed between the N domain and helix 8 (SI Fig. 9 ). The succeeding 25 residues constituting the GM-linker (Leu-299-Arg-323) are not well defined in the electron density, and their elevated temperature factors suggest linker flexibility in both S domains A and B. In A, the linker assumes an overall ''L-shaped'' conformation. The N-terminal arm (Leu-299-Val-310) adopts a distorted helical structure. Residues within this linker segment are in contact with helix 8 and the apical loop of the N domain (Fig. 4) . After a 90°bend at residue Asp-311, the C-terminal arm (Glu-312-Arg-323) forms a short ␣-helix, which packs against ␣M1 lining the hydrophobic groove in the M domain. In B, the contacts made by the linker residues with the RNA and the N domain loop are lost, which results in unbending at Asp-311 and an extension of the ␣-helix by one turn. The SRP54 M domain structures in A and B superimpose well from the conserved 324-GKFTL sequence motif, which is in close contact with the M domain's C-terminal helix and hydrophobic core. The ␣-helix preceding the 324-GKFTL loop is oriented differently in A and B and thus packs against ␣M1 at different angles with distinct packing interactions. This observation indicates a hinge region at the 324-GKFTL loop and supports the notion that the GMlinker-␣M1 interface can be smoothly adjusted (20) . Importantly, in S domains A and B, no contact exists between the NG and M domains apart from their covalent linkage in the linker sequence. In A, the N and G domains have a center-of-mass distance from the M domain of 36 and 55 Å, respectively. A minimum gap of 13 Å separates the main chains of the apical loops in the N domain from the hydrophobic groove in the M domain.
Discussion
The structure of the SRP54-SRP19-7S.S RNA complex from M. jannaschii has been characterized in its free state. In the crystal, the asymmetric unit contains two S domain complexes with different SRP54 NG domain orientations. One NG domain is bound to 7S RNA forming an overall compact and ordered S domain structure (S domain A). The other NG domain is separated from the RNA forming an open structure, in which the position of the NG domain is not well defined (S domain B) . Because the NG domain RNA-binding site also includes nucleotides from the neighboring RNA in the asymmetric unit, steric clashes prevent the two NG domains from binding the RNA at the same time and may explain the flexibility of the NG domain in S domain B. The previously described S. solfataricus SRP54-helix 8 structure reports an open complex structure (20) . However, the NG domain orientation in this structure differs significantly from the open structure observed in S domain B (SI Fig. 10) .
A direct interaction between the NG domain and the SRP RNA in free SRP has been suggested by prior biochemical studies (17, 18, (24) (25) (26) . The NG-RNA interactions observed in S domain A are consistent with some but not all of these data. RNA protection and cross-linking studies identified regions in E. coli 4.5S RNA proximal to the domain IV, the homologue region to helix 8, as the binding site for the NG domain (17, 24) . Consistent with the proposed binding site, the isolated NG domain shows much weaker binding to a 49-mer RNA, which comprises only domain IV, than to full-length 4.5S RNA (17) . The NG domain binding site found in S domain A agrees with the binding site proposed by these biochemical findings. The absence of most of the G domain binding site in the 45-mer RNA used for crystallization of the S. solfataricus SRP54-helix 8 complex thus may explain the observed open non-RNA-bound structure in this case. However, a high dissociation constant of the NG domain for 4.5S RNA (17) and weak RNA footprints produced by the NG domain, together indicate that the NG-RNA interaction is weak and might be more dynamic in free SRP. Hence, it is possible that the different NG domain orientations observed in S. solfataricus and M. jannaschii SRP represent examples from a dynamic range or discrete states of conformations that occur in free SRP. Structure-guided experiments with free SRP are currently being pursued to address this possibility. A number of results, however, support the biological relevance of the SRP54-SRP RNA interactions observed in S domain A, as will be further discussed.
In the first step of cotranslational protein targeting, the SRP binds to the signal sequence of the nascent polypeptide chain as it emerges from the ribosome (21, 31) . In the second step, the Fig. 4 . Ribbon representation of the GM-linker structure. In S domain A, Ser-301 forms a hydrogen bond with the 2Ј-OH group of C221 in helix 8, and Leu-302, Ala-306, and Met-309 make hydrophobic interactions with Gly-67 and Leu-68 situated in the apical loop between ␣N3 and ␣N4 in the N domain. The NG domain is shown in blue, the RNA is shown in red, the M domain is shown in green, and the GM-linker is shown in orange. The GM-linker in S domain B is shown in gray. The side chain of Asp-311 in B is also shown. The overlay is based on the SRP54 M domains.
resulting complex then binds to the SR (32, 33) . The primary binding site for the signal sequence in SRP54 is believed to be the deep hydrophobic groove in the M domain, which is bounded on one side by the finger loop (10) (11) (12) 28 ). However, it was shown that the NG domain makes important contributions to the binding process (13, (34) (35) (36) . This observation indicated a close proximity of the NG domain and the hydrophobic groove in SRP in the targeting mode, and direct NG-M domain communications were supported by the cryo-EM structure of mammalian SRP bound to ribosome and signal sequence (21) (22) (23) . In the cryo-EM structure, the N domain is anchored on the ribosome, whereas the G domain is separated from the ribosome and SRP RNA but is close to the finger loop (21) (22) (23) . Consequently, the NG domain is able to sense the loading status of the hydrophobic groove and can adjust the N-G interface accordingly (14, 15, 37) . The SRP54 domain arrangement on the ribosome is strikingly different than that observed in S domain A. Here, the SRP54 domains are scaffolded by the SRP RNA so that the NG and the M domains are spatially well separated. In this arrangement, the direct NG-M communications that are thought to be critical for the binding of signal sequences and subsequent signal transduction are unlikely to occur.
It is possible that the SRP RNA, by bridging NG and M domains as seen in S domain A, communicates signal sequence binding to the NG domain, thus stimulating the required domain rearrangement. However, the cryo-EM structure of the SRP bound to an empty ribosome shows that the NG domain is anchored on the ribosome but that the 4.5S RNA/M domain complex is flexible, all of which indicates that the NG domain is separated from the RNA before signal sequence binding (23) . Biochemical studies show that the SRP interacts with ribosomes initially only at contacts between the tip of the SRP54 N domain and the ribosomal proteins L23a and L35 (L23 in E. coli) (23, (38) (39) (40) . Interestingly, in S domain A, the tip of the N domain is involved in interactions with both the RNA and the GM-linker. Hence, a mutually exclusive interaction of the N domain with the 7S RNA/GM-linker and the ribosome may effectively link ribosome interaction with the open S domain structure, thus providing flexibility for scanning ribosomes for the presence of signal sequences.
It has been shown that SRP RNA participates in the central step of protein targeting by catalyzing the interaction of SRP with SR and stimulating the GTPase hydrolysis in the SRP-SR complex once formed (41, 42) . Both these RNA activities may be modulated by the presence of the signal sequence and the ribosome (19, (41) (42) (43) (44) (45) . A recent model of the E. coli SRP-FtsY complex suggests that the SRP RNA localizes at the Ffh-FtsY heterodimer interface on SRP-FtsY association (19) . Modeling of FtsY on SRP54 in S domains A and B does not position the RNA close to FtsY. This suggests distinct SRP54 NG-RNA interactions in the free and the SR-bound forms of SRP. Furthermore, it agrees with the suggested rearrangement in the SRP core on SR binding that structurally links the distal helix 8 with its associated M domain to the GTPase centers of SRP and SR (19, 45) .
The GM-linker constitutes the key structural element that allows the reported large domain rearrangements within SRP54 linking binding of external ligands by SRP to the acquisition of proper NG-M configurations (8, 16, (19) (20) (21) . In the open structure of the S. solfataricus SRP core, this GM-linker forms a well defined long ␣-helix that places the N domain in contact with the fingerloop in the M domain (20) . In the crystal of the M. jannaschii SRP core, the GM-linker has two conformations. When the NG domain is RNA-bound, the linker cannot form a long ␣-helix but bends sharply and contacts both the N domain tip and the RNA. The linker structure in S domain B suggests that the ''opening'' of SRP is coupled to an unbending and extension of the GM-linker helix. We therefore speculate that the GM-linker might act as a flexible spring between the M and NG domains, to allow for the large ribosome-induced conformational rearrangement within the SRP core (Fig. 5) . The hinge regions at the linker N and C termini may then allow further adjustment of the NG-M interface upon signal sequence binding (20) .
In conclusion, the structure of the M. jannaschii SRP54-SRP19-7S.S RNA complex provides additional evidence for the pivotal role SRP RNA plays in the regulation of the SRP54 activities allowing for an ordered sequence of events during protein targeting.
Methods
Preparation of SRP54 -SRP19 -RNA Complex. The 96-nt RNA fragment corresponding to nucleotides G142-G237 of M. jannaschii 7S RNA was transcribed in vitro, and RNA and the SRP19 protein were purified as described in ref. 27 . The srp54 gene was PCR amplified from M. jannaschii genomic DNA, and the sequence coding for Met-1-Leu-427 was cloned into the pNZ8048 vector (Leu-2 was omitted to introduce an NcoI restriction site). SRP54 was expressed in Lactococcus lactis with a C-terminal hexahistidine affinity tag, purified by chromatography on Ni-nitrilotriacetic acid, Mono S, heparin Sepharose, and Superdex 75 columns (GE Healthcare, Piscataway, NJ), and stored at Ϫ80°C. Before SRP54-SRP19-7S.S RNA complex formation, the RNA was annealed in water by denaturation at 80°C followed by snap cooling on ice. The annealed RNA was purified on Mono Q (GE Healthcare) and dialyzed against 10 mM Tris⅐HCl (pH 7.5)/5 mM MgCl 2 . The complex was reconstituted in a buffer containing 10 mM Tris⅐HCl (pH 8.0), 250 mM KCl, 5 mM MgCl 2 , 1% ␤-mercaptoethanol, and 5% glycerol. Binding reactions were incubated for 15 min at room temperature after addition of SRP19, and for 1 h at 37°C after addition of SRP54. After this, the final purification of the complex was performed on Mono Q. The purified complex behaves as a monomer in size exclusion chromatography (90 kDa; data not shown). Crystallization, Data Collection, and Structure Determination. The SRP54-SRP19-7S.S RNA complex (3 mg/ml) was crystallized by the hanging-drop vapor-diffusion technique at 18°C. Crystals grew in 5 days when the protein solution was mixed with an equal volume of mother liquor containing 8% polyethylene glycol 6000, 100 mM Mes (pH 5.4), 50 mM Na-Citrate, 30 mM MgCl 2 , and 3% dimethylsulfoxide, and equilibrated against the same solution. Crystals (0.4 ϫ 0.4 ϫ 0.1 mm 3 ) were cryocooled and diffraction data were measured on a marMosaic 225 CCD detector at the European Synchrotron Radiation Facility ID23-1 beamline by using x-ray radiation with ϭ 0.979 Å at 100 K. Diffraction data from one crystal were reduced and scaled by using the CCP4 Suite (46) . The crystals belong to space group P2 1 (28)] and x-ray data from 11.0-to 2.7-Å resolution were used in molecular replacement searches with the programs CNS (47) and MOLREP (46) . FFFEAR (46) was used for detection of secondary structural elements in the electron density maps. The NG domains were modeled from Thermus aquaticus (PDB ID code 2FFH), manually docked into the electron density. The model was built in O (48) and refined by CNS and REFMAC (46) by using the maximum-likelihood residual, anisotropic scaling, bulk-solvent correction, and atomic displacement parameter refinement as used in the translation, libration, screw-rotation (TLS) method (49) against all data from spacings between 20 and 2.5 Å. The choice of TLS groups was made by exploring the significance of the improvement made to the refinement as the structure was progressively divided into smaller TLS groups of atoms. The TLS parameters for the NG domain in S domain B refined to larger values, reflecting the larger overall displacements of this domain. The overall improved description of the structure was reflected in the R work and R free values, which fell by 2.3 and 2.7%, respectively. Noncrystallographic symmetry restraints were used at the beginning, but not at the end of the refinement. The R work and R free for the final model are 24.4 and 29.4%, respectively. The GM-linker, Leu-299-Arg-323, could be traced in both S domains A and B, even though the electron density is weak. The kink at Asp-311 in S domain A, which is missing in S domain B, is clearly defined. Data collection and refinement statistics are summarized in Table 1 . Figs. 1 B and C, 2A, 
